Strain variation in the level of resistance to malaria was investigated in inbred strains of mice after infection with Plasmodium chabaudi. When infected intraperitoneally with 106 P. chabaudi-parasitized erythrocytes, mice of 11 inbred strains could be separated into two groups by using survival time as the criterion; C57BL/6J, C57L/J, DBA/2J, CBA/J, and B10.AISgSn mice were found to be resistant to P. chabaudi, whereas A/J, DBA/1J, BALB/c, C3H/HeJ, AKRIJ, and SJL/J mice were susceptible. An examination of F1 hybrids revealed that resistance was dominant over susceptibility. A segregation analysis of backcross and F2 progeny derived from susceptible A/J and resistant B1O.AISgSn parental mice suggested that host resistance in this strain combination was genetically controlled by a single, dominant, non-H-2-linked gene. Inheritance of resistance was autosomal, but expression of the trait was influenced by the sex of the host, female mice being more resistant than male mice. Phenotypic expression of the resistance gene was apparent within 6 days of infection as a significant difference between resistant and susceptible mice in the level of parasitemia. A preliminary analysis of the mechanism of resistance showed that compared with susceptible A/J mice, resistant B1O.A/SgSn hosts had an augmented erythropoietic response during the course of malaria, as well as phenylhydrazine-induced anemia. These results suggest that the ability to replace destroyed erythrocytes quickly and efficiently may determine host survival after infection with P. chabaudi.
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Differences among inbred strains of mice in response to infection with various rodent malaria species have been observed. More than 25 years ago, Greenberg and co-workers (9) showed that the times until death of various inbred strains of mice after infection with Plasmodium berghei varied significantly. Although infection with this species of rodent malarial parasite is eventually lethal in all mice, resistant strains, such as C57BL mice, survive almost twice as long as susceptible mice, such as DBA/ 2. In contrast, infection with Plasmodium chabaudi results in death only in some strains of mice, whereas other strains are resistant and recover from the infection; for example, strain A/J (A) mice are susceptible, whereas strain C57BL mice are resistant (7, 8) .
It has also been shown that resistance to P. berghei as assessed by time until death is under genetic control (16) . A genetic analysis of the responses of backcross and F1 progeny derived from C57BL and DBA/2 parental mice showed that resistance is due to inheritance of a single gene or a closely linked set of genes, at least in this strain combination. When the model of genetically determined resistance to infection with P. berghei is used, analyses of the early events leading to host resistance to malaria as measured by a characteristic as complex as death may be difficult to interpret. However, infection with P. chabaudi, which results in death only in susceptible animals, may provide a useful model to determine the mechanism of host response in resistant animals which leads to recovery and subsequent survival of the infected animals. Therefore, we examined the strain variation in resistance to infection with P. chabaudi among inbred mice and analyzed the mode of inheritance by segregation analysis of backcross and F2 progeny derived from one combination of resistant (strain B10. AISgSn (Fig. 1) . In fact, resistant mice continued to survive indefinitely beyond day 14. In contrast, strain A, BALB/c, and C3H/HeJ mice were characterized as susceptible. Infection with P. chabaudi was lethal to 100%o of strain A mice and 50% of BALB/c and C3H/HeJ mice within 10 days.
In general, murine malaria due to infection with P. chabaudi is not lethal in certain inbred strains of mice (8) Fig. 2 . The strain distribution pattern of resistance and susceptibility was concordant with the results of the experiment described above. Strain BMO.A, DBA/2J, C57BL/6J, and C57L/J mice were again typed as resistant. CBA/J mice were also found to be resistant. The inbred strains of mice which were characterized as susceptible were strains A, BALB/c, C3H/HeJ, DBA/1J, AKR/J, and SJL/J. Despite the virulence of the typing strain of P. chabaudi, a clear difference between resistant and susceptible mice was evident; by day 11, 100% of the susceptible mice had succumbed to infection.
Hybrid and backcross analysis of resistance to P. chabaudi. The results of the strain survey suggested that the level of resistance to infection with P. chabaudi was dependent upon the genetic background of the host. Furthermore, the H-2 complex did not appear to be important in determining the level of resistance since strain A mice (H-2a) were highly susceptible, whereas H-2 congenic strain B1O.A mice (H-2a) were resistant. To determine the mode of inheritance of resistance to malaria caused by P. chabaudi, the level of resistance in F1 hybrids was examined. Two F1 hybrid combinations resulting from crosses between susceptible strain A mice and resistant strain B1O.A or DBA/2J mice were studied. In each case, 100% of the (BlO.A x A)F1 or (A x DBA/2J)F1 mice were resistant to infection with 106 parasitized erythrocytes injected intraperitoneally (Table 1) . In a manner similar to the resistant parents, 100% of the animals of both F1 hybrids were alive at day 14 and continued to survive beyond this time, whereas 100% of the parental strain A mice succumbed to the infection by day 10 . An analysis of the level of resistance in (A x BALB/c)F1 progeny derived from two susceptible parents revealed a low level of resistance which was similar to that observed in animals of the parental strains. These data suggest that the level of resistance to infection with P. chabaudi is a dominant trait.
To analyze further the genetic control of the level of resistance to infection with P. chabaudi, a segregation analysis of the trait was undertaken, using backcross and F2 animals. (ii) Parasitemia. As a second measure of the phenotypic expression of resistance to malaria, the levels of parasitemia after infection with a low dose (106 cells) and a high dose (108 cells) of parasitized erythrocytes were examined in susceptible and resistant animals (Fig. 4) . Through 14 days after infection, a distinct difference in the pattern of parasitemia between susceptible strain A mice and resistant B1O.A mice was discernible. The level of parasitemia in strain A mice reached a peak of approximately 40 to 50% after infection with either dose. When this critical parasitemia level was reached, the infection terminated in the death of 100% of the susceptible strain A mice. Similar to the results of the dose-response study, both the time until death and the prepatent period of the infection decreased after infection with 108 parasitized erythrocytes.
In resistant strain B1O.A mice, the level of peak parasitemia was dependent upon the dose of parasitized erythrocytes used. At the low dose, the percentage of parasitized erythrocytes peaked at approximately 35% in B1O.A mice at 10 days, compared with 52% in strain A mice. By 14 days after infection, the level of parasitemia in B1O.A mice was decreasing. In contrast, at the high dose the level of peak parasitemia approached the 50% level characteristic of susceptible strain A mice. However, even at the high dose, resistant B1O.A mice survived the level of parasitemia that was lethal to strain A mice, and the percentage of parasitized erythrocytes was decreasing by 10 to 14 days after infection. In a second study, in which DBA/2J mice were used as the resistant strain, the results observed with B1O.A mice were confirmed. Resistant DBA/2J mice survived infection with 108 parasitized erythrocytes despite reaching a parasitemia level which was lethal to 100% of susceptible strain A mice. The results of the dose-response and parasitemia studies suggest that the mechanism of genetically determined resistance to infection with P. chabaudi is apparent in resistant strains of mice early in the course of infection. Moreover, the phenotypic expression of high resistance as measured by survival is apparently not dependent upon either the dose of the infective inoculum or the level of peak parasitemia. Resistant mice survive infec- tion with a high dose of parasitized erythrocytes despite reaching a level of parasitemia which kills susceptible animals.
(iii) Erythrocyte characteristics and response to anemia in resistant and susceptible strains. Since anemia is one of the major symptoms which develop during malaria, differences between strain A and B1O.A mice in the level of resistance to P. chabaudi could be due to differences in host response to anemia. Therefore, we examined several characteristics of the erythrocyte systems of normal strain A and B1O.A mice, including the number of erythrocytes, hematocrit, and volume of hemoglobin (Table 3) (Table 4) . It is interesting that in resistant B1O.A hosts, these differences, like the differences in the level of peak parasitemia (Fig. 4) (Table 2 ). There was an inverse correlation between the level of parasitemia and the percent hematocrit; a high level of parasitemia was associated with a low hematocrit. However, a comparison of the absolute number of infected erythrocytes in resistant B1O.A and susceptible strain A hosts at either dose of P. chabaudi showed that there were 2 x 106 to 3 x 106 parasitized erythrocytes in both mouse strains. Thus, these results suggest that a superior erythropoietic response to anemia in B1O.A hosts might be related to resistance to malaria.
Therefore, differences in the responses of the erythrocyte systems of strain B1O.A and A mice were defined further by inducing anemia with the chemical agent phenylhydrazine. Groups of five mice of both strains were injected intraperitoneally with doses of phenylhydrazine hydrochloride ranging from 0.8 to 8.0 mg/ml, and the 50%o lethal dose for each strain was determined.
A significant difference in 50% lethal dose between the strains was observed (4.0 mg for strain A versus 5.0 mg for B1O.A mice). In addition, production of reticulocytes in phenylhydrazinetreated mice not only was greater but also occurred sooner in B1O.A mice than in similarly treated strain A mice (Fig. 5) . strain A mice. This twofold difference represented an 18-fold increase in the level of 1% reticulocytes found in both normal strain B10.A and normal strain A mice. The peak of reticulocytosis was apparent in both strains at day 6. Although approximately the same number of erythrocytes were detected in strain B10.A and A mice (6.4 ± 0.52 versus 6.0 ± 1.12 cells), there were almost three times as many reticulocytes in the blood of strain B10.A hosts. Thus, the responses of the erythrocyte systems to equal stresses of anemia differed in malaria-resistant B10.A and susceptible strain A mice. The difference was apparent both in the tempo of the response and in the level of the response; the response of resistant B10.A mice was both quicker and greater.
DISCUSSION
Although genetically determined differences in survival time after infection with P. berghei are apparent among inbred strains of mice, infection with this species of murine Plasmodium is eventually lethal to all animals (9, 16) . Infection with another murine malaria species, P. chabaudi, which we used in this study, results in a much clearer distinction between susceptible and resistant mice. Studies by Eugui and Allison (7, 8) of the female mice survived. The expected survival based on the hypothesis of genetic control by a single, dominant gene was 50% in the susceptible backcross population. Increased resistance of female animals compared with male animals has been described in several murine parasite systems, including P. berghei (9) , Trypanosoma rhodesiense (10), Nematospiroides dubius (5), and Trypanosoma cruzi (24) . However, the basis of sex-related resistance remains unknown.
An examination of percent survival and time until death apparent among inbred strains of mice ( Fig. 1 and 2 ) reveals a spectrum of responses. For example, infection with P. chabaudi was 100% lethal in strain A mice, 50% lethal in C3H/HeJ mice, and, except for sex differences, nonlethal in B1O.A mice. In addition, there were significant differences in mean survival time (P < 0.005) among the various strains. Strain A mice survived 7.6 ± 0.2 days, whereas C3H/HeJ mice survived 9.7 ± 0.6 days after infection. We intentionally used the most susceptible strain (A) and one of the most resistant strains (B1O.A) of the spectrum for the segregation analysis of genetic control of resistance to malaria. In this strain combination, the difference at a single genetic locus is the most likely explanation for the ratios of resistant to susceptible progeny obtained in backcross and F2 generations. However, formal proof of this hypothesis will require further backcrossing of individual animals of the segregating populations and testing of the progeny to determine whether the genetic factor continues segregating as a single gene. The fact that mice of several strains which are all classified as susceptible by our criteria exhibited a spectrum of mean survival times (SLJ/J > C3H/HeJ > DBA/1J > AKR/J > BALB/c > A) suggests that other genes, probably of lesser influence, also contribute to the overall level of resistance to P. chabaudi in mice. However, it was clearly advantageous to analyze the extreme ends of the spectrum (strains A and B10.A) since strain A mice seem to possess no resistant alleles at the other putative genetic loci regulating the varying degrees of resistance within the malaria-susceptible group of strains. Therefore, using this strain combination, one might be able to analyze a single mechanism of resistance without the interference of the other gene products.
An examination of the phenotypic expression of the malaria resistance gene revealed (i) that death of susceptible animals was not dependent upon the dose of the infective inoculum and (ii) that the level of parasitemia in susceptible strain A mice showed significant differences in the percentage of parasitized erythrocytes as early as 6 days after infection with 106 parasitized erythrocytes compared with the levels in two resistant strains, B1O.A and DBA/2. When the parasitemia reached a fulminant level (approximately 50%o), all strain A mice succumbed to the infection. However, in resistant strains the level of parasitemia was moderate and transient at a low infective dose (106 parasitized erythrocytes), whereas at a high dose (109 parasitized erythrocytes) resistant animals recovered and survived the infection despite fulminant parasitemia. Since superior levels of resistance in mice surviving infection with P. chabaudi are apparent as soon as 6 days after infection, we can hypothesize that genetically determined resistance to malaria in mice is another example of innate natural resistance. Natural resistance in mice has been described recently for a variety of pathogens, including bacteria, viruses, and parasites (23) . Based on studies with other Plasmodium species, the phenotypic expression of genetically determined resistance to P. chabaudi that is apparent early in the course of the disease is most probably independent of the development of specific immunity (2, 11, 13, 19, 21, 26) . However, an evaluation of the course of malaria in T-and B-cell-deprived animals will be required in our system to support the hypothesis of natural resistance to P. chabaudi.
NK cell activity, which is also genetically determined (15) and is considered to be a mechanism of natural resistance against tumors in vivo (14), has been implicated as a mechanism for control of parasitemia during malaria. Increased NK cell activity during malaria has been observed in both murine and human systems (7, 8, 12, 17) . The conclusions of studies with mice were based on a positive correlation between high NK cell activity and a high level of resistance to P. chabaudi in certain inbred strains (7, 8) . However, as Eugui and Allison (8) point out, backcross linkage studies are necessary to determine whether the two traits segregate together or independently. In a separate report, we will present evidence for dissociation of resistance to malaria and high NK cell activity (manuscript in preparation).
Alternatively, the mechanism of resistance may be related to differences in host responses to anemia. It has been suggested that if a host can replace destroyed erythrocytes quickly, the host recovers and the parasite is eliminated by more specific immune antiparasitic mechanisms (22) . Our observations of differences between resistant B10.A and susceptible strain A mice in the numbers of erythrocytes during infection and during the course of reticulocytosis after treatment with phenylhydrazine suggest that resistant strains of mice have a superior erythropoietic system. Thus, these results suggest that the course and severity of anemia during malaria are strain dependent. Similar observations have been reported in a study which followed the course of P. berghei infections in various inbred mouse strains (6) . Generally, the rate of erythrocyte loss was found to be mouse strain specific and to correlate inversely with the mean survival time.
In our mouse system, the tempo and quantity of reticulocyte production during chemically induced anemia were superior in resistant B10.A animals. Agents such as phenylhydrazine or corticosteroids, which alter the production of reticulocytes, have been found to influence the outcome of infections with various Plasmodium species, including P. chabaudi (3, 18, 25, 26) . For example, stimulation of reticulocytosis by phenylhydrazine resulted in a diminished level of parasitemia after infection with P. chabaudi, which lacks a preference for reticulocytes (18) . Resistant mice, such as strain B10.A, may survive by rapidly producing large numbers of young erythrocytes or reticulocytes which replace mature blood cells destroyed by the parasite yet are not infected by the parasite. Thus, the net outcome of the massive destruction of erythrocytes which occurs during the course of infection may aid the host by simultaneous destruction of parasites and stimulation of reticulocyte production. Further investigation will be required to determine whether there is a causeand-effect relationship between the level of host resistance to malaria and host response to anemia. Our munne model of a major genetic determinant of resistance to infection with P. chabaudi should prove to be a useful tool for this analysis.
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